Carbon ions generated by ablation of a carbon target using an Nd:YAG laser pulse (wavelength λ = 1064 nm, pulse width τ = 7 ns, and laser fluence of 10-110 J cm −2 ) are characterized. Timeof-flight analyzer, a three-mesh retarding field analyzer, and an electrostatic ion energy analyzer are used to study the charge and energy of carbon ions generated by laser ablation. The dependencies of the ion signal on the laser fluence, laser focal point position relative to target surface, and the acceleration voltage are described. Up to C 4+ ions are observed. When no acceleration voltage is applied between the carbon target and a grounded mesh in front of the target, ion energies up to ∼400 eV/charge are observed. The time-of-flight signal is analyzed for different retarding field voltages in order to obtain the ion kinetic energy distribution. The ablation and Coulomb energies developed in the laser plasma are obtained from deconvolution of the ion time-of-flight signal. Deconvolution of the time-of-flight ion signal to resolve the contribution of each ion charge is accomplished using data from a retarding field analysis combined with the time-of-flight signal. The ion energy and charge state increase with the laser fluence. The position of the laser focal spot affects the ion generation, with focusing ∼1.9 mm in front of the target surface yielding maximum ions. When an external electric field is applied in an ion drift region between the target and a grounded mesh parallel to the target, fast ions are extracted and separated, in time, due to increased acceleration with charge state. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Multicharged ion (MCI) sources have uses in nanoprocessing, ion implantation, ion lithography, biomedicine, cancer therapy, and secondary ion mass-spectrometry. [1] [2] [3] In an MCI interaction, both its potential and kinetic energies are involved. The potential energy of highly charged ions can exceed their kinetic energy, particularly for ultraslow ions. When used for surface modification, MCIs with low kinetic energies have high surface selectivity causing strong local excitation not accessible with singly charged ions. An MCI interaction with a surface can trigger local surface modification by potential sputtering resulting in the formation of a nano-scale crater, a feature that may be useful for nanopatterning and nanoidentification. 4 The ability to independently control MCI potential and kinetic energies is useful for surface analysis and surface modification. MCI implantation in metals can modify the surface tension, hardness, and corrosion resistance. 2, 5, 6 Slow highly charged ions can be used in semiconductor surface processing due to their high potential energy combined with low kinetic energy which allows for localizing the ion potential energy at the surface. Using ultraslow Ar q+ , (q > 1) MCIs with high potential energy, native silicon oxide was removed from the Si surface with less surface damage than possible when singly charged Ar 1+ ion is used. 7 After slow Ar MCI etching, the surface roughness was increased by only 0.05 nm root-mean-square (rms). The most developed sources of MCIs are electron beam ion sources (EBISs) and the electron cyclotron resonance ion sources (ECRISs). 8 Both EBIS and ECRIS generate MCIs from gases. Generating MCI from a solid target involves its vaporization and introduction of the vapor in the EBIS or ECRIS. Laser multicharged ion sources (LMCI) use laser ablation of a solid target to generate dense plasma containing MCIs. Thus, LMCI can operate in ultrahigh vacuum requiring only small pumping capacity. MCIs produced from laser plasma can provide a cost-effective add-on to existing pulsed laser deposition systems, generate MCI pulses, and reduce MCI equipment size and cost. 9 Several groups have studied laser generated MCIs. Mróz et al. reported on the generation of Ta, Al, and Cu MCIs with iodine laser (λ = 1315 nm and τ = 350 ps) with an intensity up to 10 15 W cm
. The maximum charge states they obtained were Cu 22+ , Ta 9+ , and Al 13+ . 10 Al MCIs up to Al 4+ were obtained at maximum laser intensity of 8.7 × 10 10 W cm −2 with Nd:YAG laser (λ = 1064 nm). 11 Henkelmann et al. used CO 2 and Nd:YAG lasers (λ = 10.6 µm and 1064 nm, respectively) together to show the influence of the combined laser interaction with a solid Ta target. 12 The charge state generation increased from Ta 11+ to Ta 13+ depending on the delay between the laser pulses. The CO 2 laser increased the electron temperature in the expanding plasma reducing the recombination rate resulting in increased extraction of higher charge states. Nassisi et al. reported using low energy XeCl excimer laser (λ = 308 nm) pulses to produce MCIs from a Cu solid target. 13 The MCI generation was strongly dependent on the focal lens used for the same laser fluence on target. Using a lens with 15 cm focal length, the maximum total charge observed was ∼0.035 µC for a laser fluence of 17 J cm −2 . Up to Cu 5+ was observed when the different charges were separated by a 30 kV acceleration voltage. Lorusso et al. used a XeCl excimer laser (λ = 308 nm, τ = 20 ns, pulse energy = 70 mJ, and intensity = 3.5 × 10 8 W cm −2 ) to study the charge extraction characteristics of the generated Cu q+ ion pulses.
14 Laser ablation was previously used to generate carbon MCIs. [15] [16] [17] [18] [19] [20] Kashiwagi et al. reported the observation of fully stripped C 6+ ions using Nd:YAG (λ = 1064 nm, τ = 15 ns, pulse energy = 400 mJ, and intensity = 1.6 × 10 11 W cm −2 ). The ions were injected into a radio frequency quadruple linac. The total number of C 6+ ions injected into the linac was 6.0 × 10 9 with a current of 17 mA. 15 Emission of C MCIs was reported for CO 2 laser (λ = 10.6 µm, τ = 85 ns, and fluence of 1.2 J cm −2 ). 16 An electrostatic deflector ion filter was used to analyze the carbon ions with ion charge up to C 5+ reported. Constantinescu et al. reported on the interaction of C 60 molecules with ultrashort high-intensity femtosecond laser pulses (λ = 790 nm) with an intensity of 10-1000 TW cm −2 . Carbon ions up to C 4+ were produced. 17 Witanachchi et al. produced carbon plasma with C 1+ and C 2+ using a combination of an excimer KrF laser (λ = 248 nm) and a CO 2 laser (λ = 10.6 µm) suggesting the ionization, kinetic energy of ions, and the plasma temperature increase when two lasers are used. 18 Torrisi et al. studied MCI generation from ablation of graphite by frequency-doubled Nd:YAG laser (λ = 532 nm and τ = 3 ns). At a fluence of 5.7 J cm −2 , up to C 4+ ions were detected. Ion acceleration by ∼85 eV/charge state was measured. 19 Okihara et al. reported C 4+ ions above 5 MeV/charge state using Ti:sapphire laser system (λ = 815 nm, 2.4 × 10 12 W, maximum intensity = 3 × 10 18 W cm −2 , and τ = 50 fs). 20 Carbon ions have applications in thin film deposition, semiconductor processing, ion implantation, and radiotherapy. Carbon ions implantation into the floating gate surface is used in flash memory devices that minimizes the polysilicon grain growth and smooths the surface. 21 This helps to reduce the interfacial trap density and improves the integrity and uniformity of the thin dielectrics deposited between the floating and polysilicon gates of nonvolatile memory devices. Carbon implantation into Ti-6Al-4V alloy enhances surface wear resistance, increases hardness due to TiC formation, and reduces the surface friction coefficient. 22 Simultaneous implantation with different charge carbon ions results in a plateau like depth profile that is dependent on the ion energy distribution. 22 Graphite-like carbon (GLC) has uses as a coating material, offering high hardness and high flexibility required in implants such as in artificial joints. 23 Carbon ions have more favorable dose-depth distribution than photons and are the new frontiers of cancer therapy. 24, 25 The use of carbon ions in radiotherapy results in localized energy targeting hard-to-reach tumors with minimum effects to other tissues. Fully stripped C 6+ ions are used in radiotherapy because of the relative ease in their acceleration, bending, and focusing and their high potential energy which can be deposited in a localized volume. 25 We report on carbon LMCI source using a Nd:YAG laser (λ = 1064 nm and τ = 7 ns). The charge state and energy of carbon MCIs are studied by a time-of-flight (TOF) analyzer, a three-mesh retarding field analyzer (RFA), and an electrostatic ion energy analyzer (EIA). Charge states up to C 4+ were observed with laser pulse energy of 34 mJ. Ion energy distributions are measured using an EIA that selects ions with different energy-to-charge. The dependencies of the carbon ions extracted from the laser plasma on the laser pulse energy, laser focal spot position, and external accelerating electric field are studied. Carbon MCI generation was previously reported. 15, 17, 19, 20 The present work extends previous studies by measuring the energy distribution of each carbon ion charge using an energy-to-charge (E/z) electrostatic ion energy analyzer (EIA). The ion energy follows a shifted Maxwell-Boltzmann distribution that is dependent on the ablation velocity and Coulomb potential developed in the double layer (DL) of the expanding laser plasma. 26 Calculations of carbon ions energy distribution are critical for the carbon ion implantation of materials aiming to change surface properties. The deconvolution of time-of-flight (TOF) ion signal using data obtained from the retarding field analysis allows us to resolve the ion signal from each charge more accurately than solely from the TOF signal. Also, we show that the position of the lens focusing the laser on target affects carbon ion yield and ion energy distribution.
II. EXPERIMENTAL SETUP
The carbon MCIs are generated in a vacuum chamber schematically shown in Fig. 1 . A Q-switched Nd:YAG laser (Continuum Surelite SL I-10, λ = 1064 nm, τ = 7 ns) was used to ablate a glassy carbon disc target of 99.99% purity, 0.58 mm thickness, <50 nm surface roughness, as characterized by the manufacturer (HTW, Germany). The laser is focused inside the chamber using a plano-convex lens to a diameter of ∼200 µm at focus, as measured by the knife edge method at the target equivalent plane. The lens was mounted on a translational stage to allow for changing the position of focus relative to target surface. The laser pulse enters the chamber through a BK7 viewport and is incident on the target at an angle of 60
• from the target normal. The laser pulse energy was varied by a combination of a half-waveplate and a thin film polarizer. The laser pulse energy was 4-38 mJ measured before the chamber window and the reported values were adjusted for the 8% loss in the glass window. The target was mounted on insulated support to allow for applying an acceleration voltage while maintaining the chamber grounded. The chamber pressure was about 6 × 10 −8 mbar; therefore, the loss of MCIs by charge transfer with the background gas is negligible. 27 The Faraday cup is placed 1.54 m away from the carbon target. The ion drift tube had a 10-cm inner diameter. Grounded nickel mesh 8 cm in diameter with an open area of 70% is placed 10 cm in front of the surface of the carbon disk.
The TOF detection consists of a 5-cm diameter Al Faraday cup with a suppressor ring electrode placed 1 cm away from the Faraday cup entrance. The MCI signal is detected with the Faraday cup biased at −80 V. We observed the shape of the MCI signal as we changed the suppressor voltage from −80 V to more negative values. Applying −120 V resulted in an all positive single-peaked pulse. Applying more negative voltage did not change the shape of the pulse. Therefore, applying −120 V to the suppressor ring was adequate to suppress the secondary electron emission from the Faraday cup due to positive ion collisions. This suppressor voltage was maintained throughout the experiment. The retarding field ion energy analyzer (RFA) consists of three 5-cm in diameter nickel grids with 70% open area separated by 1 cm. The two outer grids were grounded while the central grid was held at a variable voltage, V r . The central retarding electrode was positively biased to analyze the extracted ion energy distribution. An oscilloscope (Tektronix DPO 3034, 50 Ω termination) was used to record ion signals through a 0.66 µF coupling capacitor. In order to compensate for pulse-to-pulse fluctuations, 20 consecutive laser pulses hitting the same target spot were averaged. For our experimental conditions, the shot-to-shot fluctuations of total ion yield were up to ∼20%. However, no noticeable decline in the averaged ion signal was observed when hitting the same spot with up to 60 shots.
In experiments observing the MCIs with selected energyto-charge ratio, E/z, part of the straight connection was replaced with the EIA maintaining the ion drift length the same as without the EIA. The EIA has a radial cylindrical design with a deflection angle of 90
• . EIA analyzer has a range of E/z obtained by the relation
28 where E is the kinetic energy of the ion, e is the unit charge E r is the radial electric field inside the deflection plates, R 0 is the mean radius, U is the potential across the deflection plates, and κ = R 0 /2∆R is the geometric factor. EIA has an inner radius, R 1 of 5.69 in. and outer radius, R 2 of 7.19 in. The energy resolution ∆E/E was determined to be 7%-10% because no slit was used on both ends of the EIA.
III. RESULTS AND DISCUSSION
The laser-generated carbon ions are detected by the Faraday cup. The experimental results are divided into two sections. In Section III A, the carbon ions are generated without any acceleration voltage applied to the target; while in Section III B, the target is positively biased, which introduces an external electric field between the target and the grounded mesh that is located parallel to the target. The effects of laser pulse energy, laser focal point location relative to target surface, and the applied voltage on target are studied.
A. Plasma ions emitted without external acceleration

Analysis of multicharged ions with retarding field analyzer
When no voltage is applied to the target, the ions generated in the laser plasma are accelerated only by the plasma expansion and the internal electric field developed in the expanding plasma. A retarding field energy analyzer combined with time-of-flight ion spectra is used to probe the energyto-charge E/z of the carbon ions and resolve the ion charge state z. The retarding potential modifies the ion signal displaying cut-offs in the signal that are dependent on z. With the increase in the retarding potential, different ions are stopped at a threshold value of ν 2 th described as ν 2 th = 2zeV r /m.
13 V r is defined as the retarding potential, m is the mass of carbon in kg, and e is the unit charge in Coulomb. The retarder potential stops all ions having kinetic energy below zeV r . Higher charge state ions gain more kinetic energy when they are accelerated in the internal electric field of the expanding plume, thus are detected earlier by the Faraday cup. Regardless of the target material, a temporal distribution of charge states is observed in the extracted ions.
The TOF carbon ion signal observed for different retarding potentials is shown in Fig. 2 . Similar analysis using a 3-grid retarding field analyzer was previously reported for Cu MCIs generated using excimer laser ablation. 13 The positive fast signal observed near time zero is due to the photoelectric effect where photons generated from the laser plasma with energy above the work function of the Faraday cup material cause electron emission. The inset in Fig. 2(a) is a closer look at the effect of retarder potential on carbon ion signal for the range of 180-300 V. Ions with lower kinetic energy than the applied retarding potential are blocked, whereas ions with higher kinetic energy lose some of their energy then, between the central and final grid, are accelerated back to their energy before entering the RFA. For instance, the cutoff at ∼20 µs corresponds to C 2+ ions with lower energy than 2eV r (150 V retarding potential), whereas the cut-off at ∼17 µs corresponds to C 3+ ions with energy lower than 3eV r (180 V retarding potential). The cut-off at ∼11 µs corresponds to the C 4+ ions with lower energy than 4eV r (210 V retarding potential). The time at which the cut-offs are observed gets shorter with increasing the retarding potential. The knee in the ion signal at ∼18 µs or more for various retarding potentials is ascribed to C 1+ ions with energies lower than eV r . Fig. 2 (b) shows the square threshold velocity ν 2 th as a function of the retarding voltage. The corresponding threshold velocity for each cut-off in the plasma signal is calculated by dividing the ion propagation length by the cut-off time. Depending on the z, modified ion signals display cut-offs, which are used to calculate ν 2 th for each data point in Fig. 2(b) . Using a linear fit to the experimental data, the values for each slope were calculated giving charge state information. This analysis revealed that carbon ions up to C 4+ were detected by the Faraday cup. The total ion charge reaching the Faraday cup is obtained from
is the voltage signal in the Faraday cup, and R is the 50 Ω oscilloscope internal resistance. The inset in Fig. 2(b) shows the total charge reduction with the increase of retarding potential. Total charge decreases from ∼18 nC to ∼0 nC when the retarding potential is set to ∼460 V. The value of Q i does not account for the ion loss in the extraction grid and the three grids of the RFA. Fig. 2(c) shows the energy spectrum of the carbon ions when no retarding field is applied. In order to determine the best fitting parameters to the ion signal, we used the information obtained from retarding field analysis in selecting the parameters used in the fit. The deconvolution was obtained for charge states up to C 4+ since this was the highest charge state observed at this laser energy.
Knowing the retardation potential which retards a subgroup of ions, we can construct the ion energy distribution width and introduce this into the fitting parameters. This information was used for all charges when fitting parameters in Fig. 2(c) are defined. In the plasma core, fast electrons develop a double layer (DL) that splits different charge states, generating a selfconsistent ambipolar electric field (double layer), which is primarily responsible for ions acceleration. The role played by prompt electrons in ion acceleration was previously studied. 29 Prompt electron emission from the plasma leaves a positive ion layer in the plasma-vacuum interface and during their escape repels some of the electrons in the plasma. With the increase in the initial electron density at the front of the expanding plasma, a condition can be reached where the ion oscillation frequency is not sufficient to compensate for electron compression in the plasma by the forces of the prompt electrons. This effect was concluded to lead to ion cloud fragmentation and a complex ion acceleration mechanism. 29 Thermal interactions, coulomb interactions, isothermal, and adiabatic expansion in vacuum are also responsible for accelerating the ions in plasma. 30 The drift and expansion of carbon plasma in our experiment can be attributed to the adiabatic expansion due to the Knudsen layer.
In a laser produced plasma, the Knudsen layer is formed within a few particle free paths near the target surface in which as few as 3 collisions per particle occurs. 31 Particles vaporized, sputtered, or desorbed reach equilibrium with each other within the Knudsen layer formed in a near-surface region during the laser ablation due to strong gas-phase interactions. This leads to a directional expansion perpendicular to the target surface. The ions are freely drifting into the vacuum, and ion charge-states are frozen at large distances. A shifted Maxwell-Boltzmann distribution due the collisions between ions during the initial phase of the plasma expansion can characterize the motion of ions far from the target. The ion current can be expressed with shifted Maxwell-Boltzmann distribution for the ion current analysis. 31, 32 For laser plasma, the adiabatic expansion velocity (ablation) can be defined as u f = 2C 0 /γ − 1, where C 0 = (γkT/m) 1/2 is the sound speed at the surface, where T refers to the Knudsen layer temperature, and γ is given as 1.3 for monoatomic species. 26 Using this equation, and taking T = 20 000 K, ablation velocity is found to be u f = 4 × 10 4 m/s, or 99 eV as ablation energy. If we consider that the ions with different charges have energies corresponding to the sum of that due to the adiabatic expansion E ablation plus energy gain due to acceleration in the double layer by the Coulomb potential E Coulomb , then the ion energy E is E = E ablation + zE Coulomb , where z is the ion charge. By fitting this equation to the experimental results, we calculate the ablation and coulomb energies as 80 and 195 eV, respectively. Bulgakova et al. reported similar calculations using a graphite target ablated with Nd:YAG laser operating at 1064 nm wavelength with 13 ns pulse width and laser fluence below 25 J cm −2 using T up to 4 eV. In their study, T was found to vary in the range ∼2 to 8 eV for laser-generated carbon plasmas with laser intensities of 10 9 -10 10 W cm −2 for 70 ns pulses. 26 Harilal et al. reported an electron temperature of 1.45 eV at a distance of 3 mm from the target for carbon plasma with a laser intensity of 2.8 × 10 10 W cm −2 .
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Laser energy dependence
The carbon ions were detected by their time-of-flight signal for different laser pulse energies applied to the target. All measurements were conducted with all other conditions kept constant. Results are shown in Fig. 3(a) . The ion signal has a well-defined single peak at the high laser energies used. There is an apparent reduction of the arrival time of the fast ion peak with the increase in the laser pulse energy. The behavior of TOF signal with increasing laser pulse energy shows that an increase in ion signal with laser pulse energy and a shortened arrival time due to increased ion energy. Below a pulse energy of ∼15 mJ, the signal has a double peak form with a shoulder appearing at ∼40 µs. This shoulder in the TOF signal disappears within the background at high laser energies. The process of ion acceleration is initiated by electron acceleration by inverse Bremsstrahlung within the laser pulse duration. Due to the slower mobility of ions compared to the electrons, large Coulomb forces are formed between fast electron and ion layers in the early stages of plasma plume formation. The electric field due to the Coulomb forces accelerates ions with higher degree of ionization to higher kinetic energies. The ions with higher kinetic energies are located in the outer position of the plasma plume due to their higher flow velocity. 34 For laser pulse energies higher than 24 mJ (1 × 10 10 W cm −2 ), the increase in ion velocity slows down. Fig. 3(b) shows the maximum and most probable ion velocities with the laser energy. For 29 mJ pulse energy, the most probable carbon ion velocity is 9.6 × 10 4 m s −1 , corresponding to a kinetic energy of ∼570 eV. Ions' kinetic energy increase with increasing laser pulse energy. The carbon ion signal was fitted to a shifted Maxwell-Boltzmann function
/2kT eff where A is a normalizing constant, u f is the flow velocity, and T eff is the effective temperature associated with translational motion along the plume axis. 26 Fig. 3(c) shows the TOF data and corresponding fits. The observed data fit with the shifted MaxwellianBoltzmann distribution is an indication of the thermalization of the plume particles. The cloud dimension along the target normal can be estimated from L 0 = u t τ, where τ is the laser pulse duration and u t is the thermal velocity of the particles given by u t = √ 8kT s /πm. The surface temperature T s is given by T s = 0.9T c , where T c is the thermodynamic critical temperature. 26 T c value was given in the literature for graphite to be in the range of 1-1.3 eV. 34 When we take the T s as 14 000 K, the thermal velocity is calculated as u t = 5 × 10 3 m/s, and cloud dimension L 0 = 0.035 mm, which implies that the plasma is undergoing planar expansion during the laser pulse. Using these parameters, the plume dimension from L z = u f t + L 0 is ∼4 cm at time t = 1 µs. These calculations can be used for estimating angular distribution of accelerated ions from plasma. 30 
Focal point dependence
The laser focusing position on the target was found to affect the production of the higher charge state ions. The distance between the focusing lens and the target is 202 mm. The lens was mounted on a linear translational stage to vary the focal point relative to target. Fig. 4 shows the Faraday cup signal at different laser focus positions with a laser pulse energy of ∼32 mJ. As the lens is moved so that the focal point position is varied from inside the target (-values) to in front of the target surface (+values), the recorded ion signal is modified. Positioning the lens so that the focal spot is in front of the target by up to ∼5.0 mm, the ion signal has earlier arrival times with one significant peak. Beyond ∼5 mm, a slow peak appears at ∼40 µs which is small compared to the fast one. Likewise, with focusing the laser ∼7.0 mm inside the target surface, a similar double-peaked signal is observed. The inset in Fig. 4 shows the total charge detected versus the lens position. The ion yield decreases when the laser focal spot is shifted inside the target surface, reaching to its minimum at ∼9.5 mm. The maximum ion signal is observed at a lens focal position of ∼1.9 mm in front of the target surface which also yields the fastest peak arriving at ∼11.9 µs with a maximum velocity of ∼1.3 × 10 5 m s −1 and total charge of ∼26 nC. The ion TOF signal is modified as the lens focusing spot is moved from position that gives the higher yields since, for the low yield positions, the predominant ions are singly and doubly charged. Placing the focus a few mm inside or in front of the target surface results in a larger irradiated area on surface, leading to higher ionization of carbon ions due to slower heat dissipation on a larger surface area during the plasma formation. 13 The dependence of ion yield on the position of the focal spot was discussed for MCI generation from Au, Pb, Ta, and C. 35, 36 The larger laser spot area on target results in lower laser power density and, in general, lower ion charge state and energy. However, over a certain focal spot distance away from the target surface, the ion yield is increased due to the larger surface area ablated and the resulting larger volume of the laser plasma. 37 Having the highest power density in the waist of the laser beam does not necessarily result in the highest total number of ions due to the effect of reduced plasma volume. 38 When the focal position is in front of the target surface, the interaction of part of the laser pulse with the generated plasma further heats the expanding plasma and contributes to ion yield. This explains the higher total charge obtained at a lens position of 1.9 mm in front of the target. On the other hand, the plasma propagation angle becomes smaller with increasing spot dimension. Since the Faraday cup is positioned at a fixed angle and location, higher yields of carbon ions are detected. Focusing the laser inside the target has a contribution from the increased spot size only. The lens position was kept at ∼1.9 mm in front of the target throughout the study. This focal point location results in the highest ion yield and fastest ion peak arrival time.
B. Ion extraction with external electric field
Extraction voltage dependence
For this part of the study, the laser pulse fluence was maintained at 95 J cm −2 throughout the measurements. With the target grounded, the carbon ion pulse containing all the charges travels as a bunch with most probable kinetic energy of ∼597 eV corresponding to ion velocity of 9.8 × 10 4 m s −1 . When an acceleration voltage is applied to the target, ions with different charges spread in time with the higher charge state arriving at the Faraday cup earlier. Neglecting the initial ion velocity from the plasma plume, the TOF for the carbon ions is
where t a is the acceleration time for an ion from target to the extraction mesh, t d is the time that ions drift at a constant velocity from extraction mesh to the Faraday cup, d is the distance between target and the extraction mesh, S is the distance from the extraction mesh to the Faraday cup, both in meters, m is the atomic mass of C in kg, z is the charge state, qe is the electron charge, and V is the acceleration voltage applied on the carbon target. The above equation for TOF does not consider the effect of plasma shielding limiting the ion acceleration by the external electric field and the ion acceleration in the expanding plume. The electric field between the grounded mesh and the target does not fully penetrate the plasma plume, thus the ions experience the applied electric field at a location between the target and the grounded mesh, and therefore, are accelerated less than the potential applied to the target. Fig. 5(a) shows the extraction and separation in time of carbon MCIs. Besides the initial velocity from the internal electric field, the carbon ions gain velocity due to the external electric field. Introducing an electric field increases the kinetic energy of ions, thus separation of ions occurs with faster arrival time at the Faraday cup. More electrons are repelled and more ions are exposed to the accelerating field. Space-charge limited flow in the ion sheath governs the ion extraction if the ion density is neglected during ion extraction by the external electric field. 39, 40 The inset in Fig. 5(a) shows the accelerated carbon ions at 4 kV voltage applied to target. The ions accelerate according to their z/m ratio. Up to C 3+ ions are observed. By combining the EIA with TOF energy analyzer, we measured the kinetic energy that the carbon ions gained. Knowing the E/z selection band of the EIA and from the TOF signal detected on the Faraday cup for that selected E/z band, the ion charge state and energies are determined. The Faraday cup signal is shown in Fig. 5(b) for a laser pulse energy of ∼30 mJ. The acceleration voltage on target was set to 5, 7, and 9 kV while varying the E/z selection of the EIA to achieve maximum current delivered to the Faraday cup. When 5 kV is applied to target, the ion energy gain per charge z is about 3.2 keV, and up to C 4+ ions are detected.
In our geometry, the ion acceleration occurs during plasma expansion. The large ion peaks in Fig. 5(a) are the ions separated from the expanding plasma without acceleration. Due to the retrograde forces, the stronger the applied electric field in the target-to-mesh region, the more ions are extracted from the plasma and accelerated. 39 These ions give the signal shown in Fig. 5(b) . As the electric field in the target-to-mesh region is increased the extracted ions diverge more and do not , respectively, at 9 kV acceleration voltage. During the early stage of laser plasma expansion, recombination of highly charged ions may occur, which can depress ion yield for higher charge states. The ablated material attenuates the incoming laser radiation as the plasma becomes optically dense at high laser fluences and the plasma absorbs or reflects the later part of the laser pulse. 41 Electron-atom inverse bremsstrahlung and Mie absorption are among the main absorption mechanisms. 42 
Laser energy dependence
The MCI detected is strongly dependent on the laser pulse energy which increases the plasma density and temperature allowing for generation of higher state carbon ions. To study the dependence of MCI generation on the laser pulse energy, the acceleration voltage and the EIA selection were kept at 5 kV and E/z = 3.0 keV, respectively. The MCI spectrum obtained at laser pulse energies from 4 mJ (12 J cm −2 ) to 36 mJ (108 J cm −2 ) is shown in Fig. 6(a) . The threshold energy for the carbon ion generation was found to be ∼6 mJ (18 J cm −2 ). At low laser pulse energies, only C 1+ and C 2+ were observed. The average charge state, peak ion energies, and corresponding intensities are increased accordingly with the laser pulse energy. For laser energies of 18 and 24 mJ up to C 3+ and C 4+ are observed, respectively. We did not observe C 5+ or C 6+ at these laser energies. The reduced TOF time with the laser energy observed in Fig. 6(a) is due to the increase in kinetic energy of the ions drifting out of the expanded plasma. Fig. 6(b) is showing the total charge dependence on laser pulse energy. The total charge detected by the Faraday cup increases with the laser energy with the biggest contribution coming from C 2+ ions.
Focal point dependence
The maximum charge state and the total charge delivered to the Faraday cup increase with the laser pulse energy. The threshold value for the carbon ion generation was found to be dependent on the laser spot size on target. The core temperature decreases more slowly for a larger laser spot size due to the lower thermal diffusivity which decreases the threshold value. The effect of the laser focus position on carbon ion generation is shown in Fig. 7 . The voltage applied to the carbon target was 9 kV while the laser pulse energy was ∼30 mJ. Higher charge states are detected when the laser is focused in front of the target surface because larger irradiated area causes slower heat dissipation and changes the angular distribution of ejected carbon ions. At a lens position for a focus ∼5.5 mm in front of the target's surface, C 1+ and C 2+ ions are detected. Observation of C 3+ and C 4+ ions depends more strongly on the laser spot size as both are detected only when the lens is positioned for a focus ∼1.9 mm in front of the target's surface. The EIA plates were biased at ±1.25 kV to achieve MCI kinetic energy selection centered at E/z = 5.3 keV. The maximum ion charge state of C 4+ was obtained when the laser radiation was focused at 1.9 mm in front of the target. This optimum position was determined from the measurements shown in Fig. 4 . The optimum focus position for ion yield, at 1.9 mm in front of target surface, is consistent with results in the inset of Fig. 4 . This is in agreement with previous results. 36 In Fig. 7 , the EIA analyzer is set to allow ions with central energy-to-charge ratio of E/z = 5.3 keV which corresponds to the maximum of the ion energy distribution for the target biased at 9 kV. For the focus positions of 5.5, 4.3, and 1.9 mm in front of the target, the maximum carbon ions generated are C 
Ion energy distributions
The EIA was used to obtain the energy distribution of the C MCIs. The laser pulse energy was 30 mJ with 5 kV applied to target. The focal position was kept at ∼1.9 mm in front of the target. Faraday cup signals were recorded for different E/z ratios in order to construct the MCI energy distribution. The voltage was varied from ±350 to ±900 V on the deflection plates of the EIA to transmit ions with different E/z ratios. Figs. 8(a) and 8(b) show a typical EIA spectrum of the C 2+ and C 3+ ions emitted. The signal from C 2+ and C 3+ ions was stronger than the signal from C 1+ and C
4+
, and therefore, gives more accurate measurement of the resolution of the EIA. Ten distinctive peaks correspond to C 2+ ions, and eleven distinctive peaks correspond to C 3+ ions. As the voltage applied to the EIA plates is increased, high energy components of the C 2+ and C
3+
ions appear in the energy spectrum. The C 2+ and C 3+ intensities are maximum with a kinetic energy of about 2.6 kV/per charge state z. Further increasing the EIA plate voltage shows the more energetic components of the C 2+ and C 3+ ions. The peak width of C 2+ and C 3+ before the EIA analyzer is ∼2.5 µs. The ions seem to be overlapped in time before deflection. The FWHM slightly increases with increasing the E/z as shown on top of each curve in Figs. 8(a) and 8(b). The FWHM for C 2+ was 340 eV and 530 eV with E/z = 1.7 keV and E/z = 3.5 keV, respectively. However, the resolution of the EIA (∆E/E) remains within 7%-10% for the entire range. Using the data collected for a certain E/z, we can reconstruct the carbon ion energy distribution before the EIA. We report this in Fig. 8(c) for all charges detected when the E/z is varied from 2.1 to 3.0 keV. We also report on ion the energy distributions from C 1+ to C 4+ in Fig. 8(d) constructed from E/z selection between ∼1.7 and ∼3.5 keV. The distributions are peaked at about 2.6, 5.1, 7.2, and 10.0 keV in the case of C 1+ , C 2+ , C 3+ , and C 4+ , respectively. The energy shift is ∼2.6 keV per charge z and proportional to z. The ions are accelerated with respect to their charge, their state and shifted towards the higher energy according to the Coulomb-Boltzmann shifted model. 43 
IV. CONCLUSIONS
We have analyzed MCI generated from carbon laser plasma in terms of the ion charge state and energy distribution. The ion charge states and corresponding kinetic energies are increased with the laser energy. The focusing lens position was found to have a strong influence on the generation of higher charge states. A shifted Maxwell-Boltzmann fitting to the ion signal was found to best fit the TOF signal and the retarding field analysis. This approach gives a more accurate deconvolution of the signal from each charge than can be obtained solely from the TOF signal. This fitting indicates ions with multiple charge states exist in the ablation plume where ablation velocity is found to be u f = 4 × 10 4 m/s, or 99 eV as ablation energy. Considering that the ions with different charges have energies corresponding to the sum of that due to the adiabatic expansion E ablation plus energy gain due to acceleration in the double layer by the Coulomb potential E Coulomb , the ion energy E was calculated by E = E ablation + zE Coulomb , where z is the ion charge. By fitting this equation to the experimental results with retardation voltage analysis, we estimated the ablation and coulomb energies as 80 and 195 eV, respectively. The plasma cloud dimension was estimated as L 0 = 0.035 mm with a plume dimension as 4 cm at time t = 1 µs. When a voltage is applied to the target to establish an external accelerating electric field, ion extraction is observed to be enhanced with the increased electric field. Carbon MCI up to C 4+ is observed with a relatively low laser fluence of 76 J cm −2 and the accelerating voltage of 5 kV. The mean energy of the ions increases with the increase of the ionization state and acceleration voltage. Using the EIA, we have measured the ions energy distributions through E/z selection.
